Abstract-The gap between cell and module efficiency is a major challenge for all photovoltaic (PV) technologies. For monolithic thin-film PV modules, a significant fraction of this gap has been attributed to parasitic shunts and other defects, distributed across the module. In this paper, we show that it is possible to contain or isolate these shunts using state-of-the-art laser scribing processes, after the fabrication of the series-connected module is finished. We discuss three alternatives, and quantify the performance gains for each technique. We demonstrate that using these techniques, it is possible to recover up to 50% of the power lost to parasitic shunts, which results in 1-2% (absolute) increase in module efficiencies for typical thin-film PV technologies.
In-Line Post-Process Scribing for Reducing Cell
I. INTRODUCTION
T HE gap between cell and module efficiency is a universal challenge of all PV technologies [1] . This so-called "solar gap" refers to about 3-5% reduction in power conversion efficiency at the module level compared with the record cell efficiency in lab [2] . Many thin-film PV (TFPV) technologies have relatively low cell efficiencies; therefore, a significant drop in efficiency at the module level often becomes a critical drawback in their commercial success [3] . In the case of crystalline Silicon technology, it is possible to reduce this gap by sorting the finished cells before connecting them together to form the module [4] . In most TFPV technologies, however, a monolithically integrated module manufacturing processes is used, which does not allow this flexibility. Therefore, the problem of cell to module efficiency gap requires a different analysis and design perspective in TFPV [5] .
Several factors are responsible for the drop in power conversion efficiency from the cell to the module level. One universal source of module efficiency loss is the finite sheet resistance of the transparent conducting oxide (TCO) and/or metal layers in TFPV, as well as the resistances of the emitter and the metal grid lines in crystalline cells. In order to minimize these losses in crystalline PV, a variety of cell and metal grid designs have been proposed [6] , [7] . In monolithic TFPV modules on the other hand, the resistive losses are minimized by carefully choosing the number of series-connected cells and the width of each cell for each TFPV technology [8] .
Other losses arise from the challenges of depositing thin films over large area (∼m 2 ) substrates in TFPV module manufacturing. These include film thickness variation over large area substrates [9] , variation of contact sheet resistance [10] , and composition variations in chalcogenide materials [11] . These manufacturing challenges not only reduce the module efficiency, but also lead to performance variation at the module level, causing reduced process yield. These may be considered "macroscopic" variations, because they cause performance difference over length scales of several centimeters across the module surface. Strategies for controlling these macroscopic variations during production are the focus of significant process development and research in the TFPV community.
In addition to these macroscopic sources of performance variation, there are efficiency losses caused by parasitic shunts [12] and weak diodes [13] . These "microscopic" defects are formed randomly across the solar cell surface, and lead to the efficiency loss, when cells are connected in series to form modules [12] , [13] . These defects are present even in the laboratory scale fabrication of smaller cells, where other process induced defects are well controlled. Moreover, these shunts exhibit a log-normal distribution from cell to cell, and cause significant efficiency variation at the module level, which limits the process yield [14] . In crystalline solar cells, this randomness can be contained by sorting individual cells into efficiency bins before assembling the modules. The monolithic manufacturing process in TFPV, however, means that it is not possible to selectively remove the shunted low efficiency cells/regions in the module. Moreover, the thin rectangular cell geometry in TFPV module also leads to significant nonlocal effects of the shunts on neighboring regions. Due to these differences, a new technique for shunt loss mitigation is needed for TFPV technologies, which can isolate the shunts after the fabrication of monolithically integrated module is complete (post-process). Any such technique must also be compatible with large scale manufacturing of TFPV modules, and needs to be integrated in-line.
In this paper, we propose an in-line, post-process technique for shunt loss mitigation, which meets all these challenges, and quantify the efficiency gains obtained. We first describe the 2-D SPICE circuit simulation setup in Section II, which is used to analyze module performance in presence of parasitic shunts. Then, in Section III, we illustrate the effect of random shunts on module performance and variability. We then describe the scribing isolation technique for reducing the shunt losses at the module level in Section IV, and use Monte-Carlo simulations to compare their effectiveness in Section V. Finally, we conclude with a discussion of the practical aspects of implementation of this method. Fig. 1(a) shows a schematic of the top view of a typical TFPV module, with N series rectangular cells connected in series. In order to evaluate the module performance in the presence of parasitic shunts distributed across the surface, we subdivide each cell into N parallel subcells. These subcells are then connected in series and parallel to create a 2-D circuit representation of a TFPV module [15] shown in Fig. 1(b) . This distributed circuit simulation approach is necessary because the elongated rectangle-shaped cells in monolithic TFPV modules leads to important (spatial) interplay of parasitic shunts [16] .
II. SIMULATION SETUP
Each subcell is represented by a physics-based equivalent circuit for TFPV cells shown in Fig. 1(c) . The series and parallel connections between the subcells are made using the contact sheet resistance values of the TCO and metal layers (R S ). This equivalent circuit accounts for voltage dependent collection (J photo ) [17] , generation dependent recombination (J rec,ph ) [18] , and the nonohmic shunt current (J SH ) [19] components. Each subcell, otherwise identical, is assigned different shunt current value drawn from the log-normal distribution [14] . The details of the simulation setup and validation are described in [15] and [20] .
In the following simulations, we use single-junction amorphous silicon (a-Si:H) technology as an illustrative example, for ensuring quantitative comparison of the scribing techniques. The subcell equivalent circuit parameters except J S H are determined by fitting the record cell efficiency data [21] . The shunt current magnitudes (I S H 0 ) are varied from cell to cell, according to the reported log-normal distribution [14] . The module structure is obtained from manufacturer data sheet (L module = 104 cm, W module = 120 cm, and N series = 104) [22] . In our simulations, we use N parallel = 120 so that area of each subcell is 1 cm 2 . In these simulations, we assume that the macroscopic sources of variability have been minimized through good process control. Therefore, we can analyze the effect of shunt variability, using realistic shunt statistics parameters from the literature [14] .
III. SHUNT STATISTICS AND MODULE EFFICIENCY
In this section, we discuss the effect of parasitic shunts on the module efficiency. We first analyze the effect of shunted subcells on their neighboring regions by analyzing the distribution of subcell voltages and power outputs obtained from 2-D circuit simulations of smaller submodules. We then simulate multiple industrial a-Si:H modules [22] , in presence of the log-normal shunt distribution using a Monte-Carlo simulation approach to quantify the impact of shunt statistics on module efficiency and variability.
A. Nonlocal Shunt Effects: Illustrative Example
In order to analyze the effect of shunts in interconnected modules, we simulate a 11 cm × 11 cm submodule with 11 seriesconnected cells [see Fig. 2(a) ]. We first simulate the submodule assuming all subcells to be identical with no parasitic shunts. The resulting I-V and P-V curves are shown in Fig. 2(b) . Note that in this case, the power output of the submodule is the algebraic sum of the 121 subcell power outputs (including the sheet resistance loss) so that P ideal submod = 121 P ideal subcell = 1.0761 W. To demonstrate the implications of parasitic shunts on module performance, we now assign three different I SH0 values to three specific subcells, shown with different colors in Fig. 2(a) . The resulting I-V and P-V curves of the submodule with these shunts are plotted in Fig. 2(b) . As expected, the power output of the submodule drops in the presence of shunts. The magnitude of efficiency loss (Δη ≈ −7%), however, is very large and cannot be explained by simple sum of individual subcell outputs. Specifically, we note that even if we assume that the three shunted subcells produce no power at all, the submodule output is less than the sum of the power output of the remaining 118 "good" subcells, that is, P shunted submod (= 1.0041 W) < 118 P ideal subcell (= 1.0494 W). This means that the shunted subcells must be modifying the operation of other good subcells due to their interconnection, and we must analyze this interaction carefully in order to understand the impact of shunt defects at the module level.
We can understand this effect of shunts on neighboring subcells by analyzing the distribution of subcell operating points at the submodule maximum power point (MPP), which are marked in Fig. 2(b) . The effect of shunted subcells on their neighbors is apparent from Fig. 2 (c), which shows the operating points of all subcells as color plot (color bar in V). Note that depending on the shunt current magnitude, the operating voltage V sub of the shunted subcells as well as their neighbors is lowered significantly [see the highlighted cells in Fig. 2(c) ]. This means that subcells in parallel to a badly shunted subcell are forced to operate away from their MPP voltage, which reduces their power output. The number of neighboring subcells which are adversely affected by a shunted subcell depends on the shunt magnitude, as well as the net sheet resistance of the metal/TCO contact layers. This adverse effect of local shunts on the operating voltage across the entire cell width has also been observed experimentally using electroluminescence (EL) imaging [23] , [24] .
Another curious effect of this interconnection of the shunted and nonshunted subcells is that the shunted subcell may dissipate power instead of producing it, as seen in the middle cell in Fig. 2(d) . In this scenario, the power output of the subcells in parallel to the shunted subcell is dissipated in the defective region instead of flowing to the terminals. Therefore, localized shunts distributed across a module have a twofold impact on module operation. First, the subcells adjacent to a shunted subcell can get biased away from their MPP and produce less power. Moreover, even this reduced power output may be dissipated in the shunted subcell. This is the reason why even a few shunts can result in a significant reduction in the submodule output power. 
B. Module Efficiency Loss in the Realistic Case
The illustrative example discussed in the previous section explains how relatively few shunts can cause significant reduction in module efficiency. In order to quantify these effects in realistic situations, we need to simulate full size commercial TFPV modules, including the reported log-normal statistics of shunt formation [14] .
We first simulate a typical a-Si:H module without any localized shunts to illustrate the effect sheet resistance. ≈ 1% in this case) is due to the finite sheet resistance of contact layers. Note that the module structure is typically optimized to minimize this efficiency loss by carefully selecting N series , depending on L module and the sheet resistance of contact layers. This optimization accounts for the tradeoff between lower resistive losses at the cost of higher active area losses due to finite scribe line width for large values of N series [8] . The value of N series = 104 used here is the optimal value for typical material and module parameters of single-junction a-Si:H technology.
The 2-D module simulation framework that is described in the last section additionally allows us to analyze statistical fluctuation caused by parasitic shunt. This is accomplished by assigning different I SH0 values to all subcells in the module, which are obtained by generating a random sample from the measured log-normal I SH0 distribution. To capture the statistical nature of shunt variability, we generate 100 module equivalent circuits using different random samples from the reported log-normal shunt distribution for aSi:H [14] . The result of SPICE simulations of these 100 a-Si:H modules are shown in Fig. 3 as a CDF of module efficiency (shown by the blue curve). On including the statistics of parasitic shunts, the module efficiency reduces further ∼2% on average. Moreover, shunt variability induces a finite variability in module efficiencies.
These simulations show that efficiency losses due to sheet resistance and parasitic shunt distribution, taken together, reproduce the typical gap between cell and module efficiency observed for commercial modules (∼3% absolute for a-Si:H [1] ). Shunt variability accounts for more than half of this gap (∼2% absolute), and the rest (∼1% absolute) is caused by sheet resistance loss. It is therefore apparent that reducing the effect of parasitic shunts at the module level can significantly improve the module efficiency and reduce performance variability as well.
IV. TECHNIQUES FOR SHUNT LOSS MITIGATION
Owing to the importance of shunt losses, various techniques have been proposed to reduce shunting TFPV modules. We will briefly review the existing approaches, and propose a new scribing isolation method for limiting the nonlocal effects of shunts at the module level.
A. Process Solutions for Shunt Removal
Most techniques for shunt loss minimization in the literature have focused on treatments for reducing shunt formation during fabrication or removing the shunts after the cell/module manufacturing is completed. Some of these methods have focused on process solutions for improving deposition uniformity [9] , better substrate cleaning [25] , or inclusion of resistive interlayers [26] . Few post-process methods for shunt removal have also been reported. These include, shunt busting in a-Si:H cells [27] , which uses application of high reverse bias on finished cells to burn up or "bust" the shunt paths. Another approach involves electrolytic treatment of finished solar cells under reverse bias [28] , or under illumination [29] , for passivating the shunt forming regions or other nonuniformities on the solar cell surface.
All these techniques focus on modifying the properties of shunt paths, and reducing the leakage through those regions. Moreover, these techniques are indiscriminate, as the whole module is subjected to a particular treatment for shunt passivation, which increases the chances of adversely affecting other cell properties. Finally, these techniques rely on specific materials or structures used in each TFPV technology to achieve shunt passivation, thereby limiting their application more generally. Here we describe a general, post-process, scribing isolation technique for mitigating shunt effects, which differs from these earlier approaches in two important aspects. First, instead of removing or passivating the shunts themselves, this approach focuses on reducing the effect of shunted regions on their neighboring regions. Second, this approach is applicable equally to all TFPV technologies, which use scribing and monolithic integration for module fabrication.
B. Scribing Isolation Method
From the simulations in Section III-A, we had seen that the significant reduction in module efficiency due to shunting arises from the nonlocal effect of shunted subcells on their neighbors. Therefore, a significant portion of shunt-induced losses can be avoided if this interaction between the neighboring subcells can be suppressed. Fortunately, the sequential laser scribing method used for creating the series connections in TFPV modules can be adapted to create insulating (open circuit) scribes, which will isolate the shunted region. The series connections are created using successive P1-P2-P3 laser scribes adjacent to each other as shown by the cross section XX in Fig. 4(b) . These lasers can be used to create isolating scribes by superposing P1 and P3 lasers to disconnect all layers as shown by the cross section YY in Fig. 4(c) and described in detail in [30] . These isolating scribes can be used for shunt isolation in different ways, as described next.
1) Periodic Lengthwise Scribing: A straightforward method for shunt isolation using scribing involves creating full length isolating scribes in the direction of current flow in a TF module. These vertical scribes divide the rectangular cells in the module into columns of smaller width, each of which are connected to the common bus bar [see the schematic in Fig. 5(a) ]. This ensures that the effects of shunted subcells are restricted to fewer neighboring subcells [one subcell for the case shown in Fig. 2(a) ]. This approach does not require identification of the shunt locations beforehand. The scribe lines, however, need to span the entire module length for ensuring that regardless of the shunt location, the number of neighboring subcells in parallel it can influence is limited. This full length scribing isolation at the submodule level has been demonstrated earlier using mechanical scribing for edge shunt isolation [31] . In this study, we propose to generalize this approach to periodic scribes for constraining shunt effect at all locations.
2) Selective Scribing-Partial Isolation: It is apparent from the previous section that periodic lengthwise scribing requires multiple isolating scribes of length L module , which will have significantly high dead area penalty. It would therefore be beneficial to first locate the shunts and use isolating scribes only near the shunted subcells. There are a variety of imaging methods, which can be used to identify the spatial location of shunts. The techniques most widely used for imaging localized defects are electroluminescence (EL) [23] or dark lock-in thermography (DLIT) [34] . Both these techniques have been studied extensively and are being actively adapted for in-line metrology purposes [35] . Once the images have been used to identify shunt location, an image processing routine can automatically extract their coordinates [36] , which can then be used to position the scribe heads in the right location.
Once the shunt locations have been extracted in this way, we can either choose to partially isolate or fully isolate the shunted subcell. The partial isolation is created using two isolating scribe lines in parallel to the direction of current flow on the either side of the shunted subcell [see schematic in Fig. 5(b) ]. These parallel scribes ensure that the shunted subcell is disconnected from its neighboring subcells in parallel, while maintaining the current continuity through the series-connected cells in the module. Although this prevents the effect of shunted cells on the neighboring regions in parallel, the subcells in series can still be affected due to the mismatch in their characteristics. This method therefore offers only partial isolation of shunts. On the other hand, it does not require very precise determination of shunt location, or positioning of the scribing heads and may be easier to implement in practice.
3) Selective Scribing-Full Isolation: The other option for selective scribing isolates the shunt fully by enclosing the shunted region using isolating scribes [see schematic in Fig. 5(c) ]. This ensures full isolation, at the cost of greater area penalty, as all the area enclosed by the scribe lines is disconnected from the module and cannot produce output power. This requires a more precise identification of shunt locations, as well as more accurate positioning of scribe heads, in order to ensure that the shunt is in fact enclosed by the scribes. The shunts in this case, however, are fully isolated and cannot affect any subcell in series or parallel after scribing.
From the previous discussion, it may appear that the scribing isolation approach simply exchanges shunt losses with dead showing that the majority of subcells now operate at MPP, and the power output of shunted subcells is also improved. area loss. In Section III-A, however, we saw that the largest shunts have a disproportionate impact on module efficiency. In addition, due to the log-normal nature of shunt statistics, only a small fraction of subcells are heavily shunted [14] . This means that we only need to isolate a small fraction of the total shunts (usually largest ∼1−2%), in order to obtain significant reduction in shunt losses. This is the reason why the scribing isolation can recover significant module efficiency even with increased dead area loss due to extra scribe lines.
V. COMPARISON OF SCRIBING ISOLATION SCHEMES
We now compare the different scribing isolation schemes, using calibrated circuit simulations to assess their effectiveness in realistic scenarios.
A. Submodule Operation With Shunt Isolation
We first revisit our illustrative example of an 11 cm × 11 cm submodule with three shunts. We will apply the various scribing schemes on this submodule and analyze the resulting voltage and power distributions carefully to gain insight into how these schemes improve module performance.
1) Periodic Lengthwise Scribing:
We first analyze the case of full length periodic scribe lines at the submodule level shown in Fig. 5(a) . We simulate this submodule at its MPP and analyze the spatial distribution of V sub and P sub , as shown in the color plots in Fig. 6 . As expected, due to the isolating scribes, the effective range of all shunted subcells is restricted to only one neighboring subcell in parallel. Consequently, the operating voltages and power outputs of the "good" subcells improves in general. Note, however, that all the columns of subcells (between two parallel isolating scribes) are connected to the same terminals. Therefore, the operating points of the subcells in series to the shunted subcells now must move to slightly higher V sub values, which reduces their output slightly (see columns containing shunted subcells in Fig. 6 ). In spite of this limitation, note that the blocking of parallel conduction paths results in all subcells producing power [i.e., P sub > 0 for all subcells mW) showing that the majority of subcells now operate at MPP, and the power output in shunted subcells is also improved. Both these plots show that longer scribes allow better isolation and better subcell characteristics.
in Fig. 6(b) ]. Therefore, we can expect improved submodule output after this scribing.
2) Selective Scribing-Partial Isolation: If the shunt positions are known beforehand, we can use parallel isolating scribes on the either side of the shunted subcell, ensuring that nonshunted subcells are not unnecessarily scribed. This also allows us to vary the length of isolating scribes (L scribe ) to be used at each shunt location. Fig. 7(a) shows the color plot V sub values from the submodule simulation with selective partial shunt isolation shown in Fig. 5(b) . Note that the operating points of subcells in parallel to shunted subcells improve significantly due to the scribing isolation. The V sub values of the subcells in series with the shunted subcells, however, now increase slightly to preserve submodule voltage across the width. The subcell power outputs shown in Fig. 7(b) also show the reduced impact of shunted regions on neighboring subcells in parallel. The only downside is a slight reduction in P sub values for the subcells in series with the shunted subcells. Overall, however, the output of most subcells improves significantly with scribing isolation. Finally, note that the length of scribe lines used for isolation affects the degree of isolation, and accordingly, the efficiency improvement obtained at the cost of higher dead area loss.
3) Selective Scribing-Full Isolation: Finally, we analyze the case with full shunt isolation achieved by enclosing them completely using isolating scribe [as shown in Fig. 5(c) ]. This approach carries higher dead area penalty, since the region inside the scribe lines will not contribute to the output. Another possible cause of concern is the area mismatch induced by the scribing in series-connected cells, as the cells containing isolated regions will have lower photocurrent output.
The submodule simulation results with full isolation are shown in Fig. 8 . Note that the isolation around the shunts reduces the voltage discrepancy across the different subcells considerably, as seen for plot of V sub values in Fig. 8(a) . The isolated region is shown by dark squares, as it is completely cut off from the rest of the module. As the shunts are now completely contained, all the nonshunted subcells now operate near their MPP [as seen in Fig. 8(b) ]. Depending on the total area inside the in milliwatts) , showing that all nonshunted subcells now operate at MPP, and the power output in shunted subcells is also improved considerably. These plots show that the area mismatch that is caused by full isolation has a limited impact on submodule performance as a whole.
scribed region (A scribe ), some portion of the shunted subcells will still be generating power [see Fig. 8(b) ], and the fraction of area lost to scribing per cell (A scribe /A sub ) will determine the eventual benefit of this scheme.
B. Scribing Isolation for Module Efficiency Improvement
From the previous discussion, we can see that various scribing techniques improve the module performance, by isolating the shunts to varying degrees, but the tradeoff in terms of dead area loss is also different. We now analyze these tradeoffs more quantitatively for typical size commercial modules with lognormal shunt distribution. We consider the highest efficiency a-Si:H module (η = 7.22%) from the CDF in Fig. 3 , which has a certain distribution of shunts on the surface responsible for an efficiency loss of ∼2% (absolute). We will apply the various scribing schemes to this particular module to evaluate the improvement in efficiency obtained. This will allow us to evaluate the effectiveness of these schemes, and illustrate the design parameters associated with each scheme. In addition to the typical module and subcell parameters used in Section III-B, we use a realistic value for isolating scribe line width of 150 μm [30] . The dead area loss in the scribed subcells is accounted for in the SPICE simulation by modifying the active area of each scribed subcell. This also ensures that any effects due to mismatches in subcell IV are accounted for when evaluating the effect of scribing schemes.
For the periodic lengthwise scribing, it is apparent from Fig. 6 that an increase in the number of vertical scribes will improve the module efficiency by containing the effect of shunted subcells. This, however, requires very long scribe lines; therefore, the dead area penalty also increases, and the incremental gains in module efficiency with increasing number of scribes (N scribe ) is positive but modest. As shown by the triangles in Fig. 9 , the module efficiency improves to ∼7.6% for 30 full length vertical scribes. This efficiency improvement, however, rises slowly with increasing N scribe .
In the case of targeted shunt isolation after determination of shunt locations, we need to choose the number of shunted subcells to isolate, which is also determined by the precision Fig. 9 . Plot comparing the efficiency of a typical 7.22% a-Si:H module with parasitic shunts (horizontal line) after the module is treated using different scribing isolation techniques. For the lengthwise isolating scribes (shown by triangles), without detection, the efficiency improves with more vertical scribe lines (N scrib e ), but the efficiency gains remain modest due to large dead area penalty. The efficiency enhancements are significantly better if selective scribing is used to isolated increasingly more shunted subcells (increasing N iso /N su b ) for both the partial (shown by circles) and full (shown by squares) isolation cases. In the case of partial isolation, the efficiency improves for larger L scrib e , due to better isolation, but ultimately limited by dead area losses (shown by squares). For full isolation, the dead area losses are determined by the ratio A scrib e /A su b , which limits the efficiency enhancements obtained due to reduced shunt effects.
of the detection scheme. The circles in Fig. 9 show that as more and more subcells out of the total N sub are scribed (i.e., increasing N iso /N sub in Fig. 9 ), the module efficiency improves significantly. These improvements are limited by increased dead area loss with additional scribing, and the curves saturate for larger N iso /N sub values.
In the case of partial isolation technique, another optimization parameter is the length of isolating scribe L scribe used for each shunted subcell. As expected from Fig. 7 , longer scribe lines provide better isolation, and the efficiency improves for the same N iso /N sub value by increasing L scribe from 1 to 9 cm (see circles in Fig. 9 ). The dead area loss limits these gains as well, and therefore, the module efficiency gains for L scribe = 7 cm and L scribe = 9 cm are virtually identical. Interestingly, note that using the prior detection of shunts, it is possible to get η module ≥ 7.6% by partially or fully isolating just the largest 1% shunt defects. This is a consequence of the heavy-tailed lognormal shunt distribution, which means that few largest shunts dominate the overall efficiency loss at the module level (see [14] for details). Therefore, we can obtain significant improvements by focusing on these largest defects.
In the case of full isolation of shunts, the efficiency gains will be limited by the ratio between scribed subcell area, and total subcell area A scribe /A sub . In a practical scenario, this ratio will depend on the accuracy of the shunt detection and scribe head positioning. We, therefore, vary the dead area loss (A scribe /A sub ) from 20% to 80% (see squares in Fig. 9 ) and show that regardless of the dead area loss associated with full scribing, the full shunt isolation provides highest module efficiency out of the three techniques. This is because by fully isolating the shunts this approach removes the effect of shunted subcells on all its neighbors (series or parallel). Furthermore, the random distribution of shunts on a module surface ensures that the mismatches introduced by scribing area loss are not significant.
C. Scribing Isolation and Module Yield
Based on the discussion so far, we observe that all three scribing techniques significantly improve the efficiency of a module with randomly distributed shunts. We now show that these results hold true in a statistical sense and compare the change in module efficiency distribution for different scribing methods. In order to compare the techniques statistically, we repeat the Monte-Carlo simulation of module efficiency in Section III-B, applying the different scribing techniques for each module. For the lengthwise periodic scribing, we choose full length scribes 5 cm apart, and for the selective scribing schemes, we isolate the largest 3% shunts, i.e., N iso /N sub = 3%. For the partial isolation method, we choose L scribe = 5 cm, and we assume A scribe /A sub = 0.4 for the full isolation case. These numbers are chosen because from the analysis in the previous section, we note that the incremental gain in module efficiency with scribing more shunts or using longer scribe is minimal. Moreover, these values are reasonable from a practical standpoint of implementing these methods in a production environment. In practice, these quantities need to be optimized, depending on the TFPV technology of choice, the shunting and scribing parameters of the process, and the required efficiency improvement. Fig. 10 compares the CDFs of module efficiencies without any scribing with each scribing method. As expected from previous sections, the mean module efficiencyη improves by ∼0.3% (absolute) for lengthwise periodic scribing, ∼0.7% (absolute) for targeted partial scribing, and ∼1.1% (absolute) for targeted full scribing isolation method. Interestingly, note that simply by isolating only 3% of the shunts, we can bring the module efficiency very close to 8.9%, which is the module efficiency in absence of any shunt defects. Equally importantly, the scribing isolation of shunts also leads to reduced standard deviation of the module efficiency distribution, as is apparent from Fig. 10 . This means that in addition to the overall module efficiency improvement, the scribing techniques also reduce the performance variability associated with random shunt formation. This, in turn, will improve the overall yield of the manufacturing process, which is an important factor in PV manufacturing cost.
VI. SUMMARY AND CONCLUSIONS
In this paper, we have demonstrated an in-line method for module efficiency improvement in monolithic TFPV modules by isolation of parasitic shunt defects using laser scribing. The approach utilizes state-of-the-art techniques of shunt identification and laser scribing to isolate a small fraction of the largest shunts in the module. We describe two techniques, which involve either partial isolation, or full isolation of the shunt defects. We used 2-D, self-consistent, SPICE circuit simulations of the modules in the presence of shunts to compare these techniques quantitatively and illustrate the involved optimizations. We demonstrate using typical parameters that these scribing techniques can recover more than half of the module efficiency loss caused by parasitic shunts.
Finally, we would like to emphasize that these techniques are equally applicable to all monolithic TFPV technologies, and owing to the similarities in shunt statistics [14] , are expected to yield similar performance gains at the module level. Indeed, while this analysis is presented for effect of shunt leakage, the isolation scheme will be equally beneficial for any other type of parasitic localized leakage/nonuniformity, e.g., weak diodes [13] , which can affect their neighboring regions adversely. The implementation of these techniques in a realistic production line, however, will have to be analyzed on a case-by-case basis, including the degree of shunt or other leakage losses and economics of implementing an extra process step. In this regard, the scribing techniques are advantageous as they only require the state-of-the-art manufacturing tools for implementation and only add one extra, post-process step to the flow.
We believe that the potential advantages of these schemes for module efficiency and process yield enhancement, coupled with relatively straightforward implementation, and applicability to different thin-film technologies [37] , will motivate the PV community to explore these approaches in production environments.
